This article presents a meta-regression analysis of 32 studies on frontier effi ciency measurement in banking, focusing on the sensitivity of the reported estimates to the methodological design. Our fi ndings suggest that study design is crucial for the resulting scores. The differences between the scores estimated using parametric and non-parametric approaches arise when the Fourierfl exible functional form is used since this functional form yields lower scores. Generally, the higher the number of observations, the higher is the average estimated effi ciency. The removal of scale effects using equity capital increases the profi t effi ciency but it is insignifi cant for other scores. The effi ciency analysis should distinguish the commercial banking from other bank types because the former tends to deliver lower effi ciency scores. to the present authors' best knowledge, a study on the impact of methodological characteristics in banking effi ciency estimation techniques by performing a meta-regression analysis is still missing in the discussion.
The importance of effi ciency measurement in the fi nancial sector is related to the substantial impact that an effi cient fi nancial system has on the microeconomic as well as the macroeconomic level of the economy. Concerning banks, the standard view of effi ciency measurement employing ratio analysis can be misleading as the crosssectional differences in input and output combinations and their prices are not properly accounted for. The fi rst measure of fi rm effi ciency in terms of frontier analysis, which is the main focus of this article, was proposed by Farrell (1957) . His approach is considered to provide an objective numerical effi ciency value and ranking of fi rms. Since the Farrells' seminal work, researchers have developed a number of different methods applying the frontier approach; however, the exact defi nition of certain observations from this best-practice realization. In this paper, we are dealing with more types of effi ciency, including:
Technical effi ciency -an ability of the decision-making unit to acquire maximal output with a given set of inputs (and technology); Profi t effi ciency -tells us how much (in %) of the frontier profi t the subject earns ceteris paribus (how close to profi t maximization the bank is); Cost effi ciency -a proportion defi ning how large costs of the subject are not wasted relative to the best-practice subject (how close to cost minimization the bank is).
Dummy variables refl ecting the fact whether the reported effi ciencies are profi t, cost, or other will be used among the meta-explanatory variables aside from other factors of methodological design further described in this section.
Estimation Methods
The present practitioners of frontier effi ciency estimation discuss the shape of the effi ciency frontier, the existence of random error, and the assumptions about the distribution of the error term and ineffi ciencies in order to separate them one from another.
The commonly used non-parametric technique (employing mathematical linear programming) is the so-called data envelopment analysis (DEA 1 , e.g., Thompson et al., 1997) , and the free disposal hull (FDH 2 , see Borger et al., 1998) . Ignoring prices, these techniques provide information only on the technical effi ciency and omit the allocative one. Secondly, any deviation from the frontier is regarded as ineffi ciency since they do not consider random error as a factor capable of affecting the effi ciency estimate. Since DEA does not explicitly require specifying the production function shape, it is considered to be the less restrictive approach.
Among the parametric techniques (or econometric, based on empirical knowledge), the three most common are stochastic frontier approach (SFA, Clark & Siems, 2002) , distribution-free approach (DFA, Berger, 1995) , and the thick frontier approach (TFA as in Humphrey & Pulley, 1997; and at last, FE, fi xed effect, used in Berger & Di Patti, 2002) , in which the author arbitrarily chooses the form of the fi rms' production function. 3 These methods take ineffi ciency as a distance from the effi cient 1 DEA constructs a piecewise linear convex frontier connecting the set of best practice observations. It envelopes input and output data, relative to which costs are minimized or profi t/revenue is maximized. Effi ciency scores are then calculated from the frontiers generated by a sequence of linear programs. These fractional programs are defi ned by extremal optimization of the ratio of weighted sum of outputs to weighted multiple input, subject to the constraints of non-decreasing weights and effi ciency measure less than or equal to one.
2 FDH is the DEA relaxed of the convexity assumption.
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In SFA, DFA and TFA, the production function is defi ned by the set of explanatory variables (inputs, outputs and other possible explanatory variables as well as the form of the function is arbitrarily chosen by the author himself) and the two components of this regression´s composite error term -the random error and the ineffi ciency term. SFA assumes two-sided distribution (usually normal with zero mean) of the error term and one-sided distribution of the non-negative ineffi ciency term leaves on author's decision (for instance half-normal, truncated-normal, normal-exponential, or normal-gamma distribution). DFA, used in panel data, relaxes composite error term of distributional frontier. The key element, but also the major weakness, is the a priori assumption on how random error will be separated from the ineffi ciency. If DFA level is reported, the 5% truncation level will be used as this particular level yields approximately the same average effi ciency as most of the parametric frontier effi ciency studies (Dietsch & Lozano-Vivas, 2000) . Parametric methods can be split into the two major lines: primal and dual approach. When the production function in parametric approaches is relaxed of prices and is directly estimated, the approach is called primal, but the estimation may be biased and inconsistent if profi t maximization or cost minimization is valid as the fi rms' behaviour (e.g., Mahajan et al., 1996) . Dual approach solves this biasedness, since the parametric approaches use the cost and/or profi t functional forms (see Rogers, 1998) . As noted for example by Berger et al. (2009) , profi t effi ciency is a more inclusive concept than cost effi ciency, because the latter oversees operating revenues and loan losses.
Effi ciency frontiers
Effi ciency frontiers can be chosen as deterministic or stochastic; the former assumes that any deviation from the frontier arises due to ineffi ciency while the latter allows for some statistical noise. A more detailed explanation can be found in Brons et al. (2005) . Stochastic frontiers are commonly used in parametric methods and estimated by the maximum likelihood (ML) estimator. The functional form covers two disturbance elements: systematic error called ineffi ciency and random error. On the other hand, deterministic frontiers in parametric methods assume a functional form estimated by corrected ordinary least squares (OLS) or ML method, in non-parametric methods they are commonly used for instance in DEA or FDH estimations.
Functional Form
Parametric methods need to formulate the exact shape of the production function. Despite Farrell's usage of the Cobb-Douglas function (Farrell, 1956) , the recent literature focuses more on its less restrictive variations:
1. Transcendental logarithmic or translog form, which, however, does not have to fi t well the data containing output far from the mean; 2. Fourier-fl exible form augments the translog function by an inclusion of the trigonometric terms.
Many authors argue that the Fourier form is a more appropriate form to be used (regarding effi ciency in the banking sector, see McAllister & McManus, 1993) , since it fi ts the data better. However, Berger & Mester (1997) do not support the view in favour of a signifi cant difference between the last two forms: according to their empirical research, the average difference in effi ciency estimated by these forms is less than 1%.
assumptions. The core ineffi ciency is distinguished from random error by the assumption of core ineffi ciency being persistent over time, while random errors tend to average out over time. TFA also does not impose distributional restrictions on the composite error term but assumes that ineffi ciency term is different in the highest (thick frontier) and lowest effi ciency quartile of the observed decision-making units and the random error is present within these quartiles.
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Defi ning Bank Output
The effi ciency estimation approach requires choosing the output of the banking sector. Berger & Humphrey (1992) provide a useful overview on this topic. Because of the disputes about the approach to output defi nitions, we analyze how the different output measurement infl uences the estimation results.
In the intermediation (asset) approach, banks play the role of intermediaries between liability holders and funds receivers, outputs are loans and other assets, inputs are deposits and other liabilities. Outputs are measured in money volume of the bank's loans (defi nition from paper of Sealey & Lindley 1977 is commonly used). The production approach treats banks as fi rms which utilize capital and labour inputs to produce physical output quantities, whereas in the value-added approach, outputs are measured in value terms. For the value-added approach, the intermediation process treats the items with substantial value added (with large expenditures on labour and physical capital) as outputs; and those requiring a small amount of physical labour and capital as inputs (approach suggested by Berg et al., 1991) . Developed by Hancock (1986), the user cost approach defi nes the fi nancial product as an input or output according to its net contribution to the bank's revenue-outputs are products for which fi nancial return over asset exceeds fund opportunity costs or for which fi nancial costs of liability do not overrun the opportunity costs; otherwise, the product is an input.
The most debated issue in choice of output refers to the role of deposits. According to Casu & Molyneux (2000) , deposits are an input to the production process (intermediation/asset approach) but also an output if involved in the creation of valueadded (production approach), an output for which customers bear the opportunity costs (value added approach, user cost approach). The number of input and output variables differs throughout the studies, as well as the number of fi xed variables included into the production function model. Inclusion of equity capital to control for the increased costs of funds due to the fi nancial risk or for scaling may play a signifi cant role; see DeYoung & Hasan (1998 ) or Berger & Mester (1997 .
Other Descriptive Meta-variables
With respect to the banking structure, diversity in effi ciency levels might be affected by the heterogeneity of bank types, for they face different risks or provide diverse services. Therefore, many authors draw the attention to particular types of these institutions, such as commercial, savings or co-operative banks. Data aggregation is another aspect of the studies; the effi ciency might be estimated on bank, country or regional level. Data are cross-sectional or panel; while some authors eliminate the incomplete bank observations, the others use unbalanced datasets.
Data and Methodology
Methodology employed in this paper follows the meta-analysis of Bravo-Ureta et al. (2001) , the study on technical effi ciency in agriculture. To construct the data sample, we searched for articles reporting bank effi ciency estimates based on the frontier computation approach for the USA. The collection of the relevant literature was conducted primarily by searching the Econlit database supplemented by Jstor, SSRN, RePEc, and Google Scholar search for combinations of keywords "bank effi ciency" and "frontier analysis"; and by reviewing references of the articles found throughout this search. The literature search was terminated on December 10, 2008. The Berger & Humphrey (1997) literature review on the effi ciency of fi nancial institutions was contributory as well.
In the process, theoretical studies and other papers with incomplete statistical information were excluded. The decision over the choice of the US banking sector effi ciency analysis was made due to the reasonably large body of available empirical literature. By means of restricting our analysis to the US studies we try to avoid the worst of heterogeneity that constitutes an important issue in meta-analysis, the notable infl uence of different institutional backgrounds on the estimated effi ciency scores. Our sample consists of 32 studies (providing 53 observations for the meta-analysis), characteristics of which can be found in Table 1 . Table 1 reports the number of studies and the defi nitions for the chosen meta-explanatory variables taken from the papers with their corresponding number of observations. The number of observations is divided into fi ve groups, fi rst on the whole collected data sample (all), then on the sample of old and new studies (see later in Section 4, the datasets used in papers range from 1977 till 1997, divided in the year 1992, the year representing a turning point in the economic development of the country facing a "credit crunch"-we fi nd this data splitting relevant and effi ciency estimated on the whole sample biased due to the signifi cant break in bank performance because of the different economic conditions that the banks faced). Finally, data are selected and observations are recounted according to the cost or profi t effi ciency measurement only. There are a few original papers on bank effi ciency which we were forced to exclude from the analysis as the important aspect of meta-analysis is to create a dataset of studies addressing the same issue, using similar outcome measures and methodological approach that can be compared. We would like to stress that in this case it is not crucial to use necessarily all studies since we are not trying to estimate the "true" underlying effect (as it is common in some applications of meta-analysis, see, for example, Doucouliagos & Stanley, 2009; Peach & Stanley, 2009 ); we are simply evaluating the dependencies of results on study design. For this reason, it is also not necessary to weight observations according to the number of results taken from one paper (however, we address this issue by the usage of pseudo-panel data).
The paper by Hermalin & Wallace (1994) serves as an example; it employs Varian (1984)-based non-parametric technique for effi ciency estimation, while our data sample was selected to include only the most widely used techniques of measurement such as SFA, DFA, TFA, FE from the parametric methods and DEA and FDH from the non-parametric ones. Other examples of excluded works cover the observations from Peristiani (1997) computing effi ciency changes, not effi ciency scores; Pi & Timme (1993) who estimate the effi ciency for commercial bank holding companies while we are interested in banks only, or Mester (1996) and Wheelock & Wilson (1996) who measure effi ciency on the US individual district and state level, respectively, while we are interested in the whole USA region. Details on the fi nal selection of papers may be found in Table 3 and Table 4 in the Appendix.
In order to identify the most important moderator variables, the meta-regression technique is employed by regressing the average effi ciency reported in the articles on potential explanatory variables extracted from the studies and described in the previous section. Formally, we start with the following primary model specifi cation (particular models will be deprived of correlation and collinearity by elimination of the redundant variables): 
As stated before, T able 1 presents a closer defi nition of variables used in the function explaining aveff, the meta-response variable. Aveff denotes the average bank effi ciency of a study, extracted as a simple average of effi ciencies in a time horizon (studies provide an effi ciency score for each observed year) or preferably as the average effi ciency of a study reported by the author himself. The distribution of aveff is depicted in Figure 1 -the average estimate reaches mostly the scores of 0.8 to 0.9. Figure 2 reports an overview of the average aveff according to different data and estimation characteristics. Interestingly, the parfour variable yields the lowest average profi t effi ciency. Commercial banks are distinctive from the average bank in cost management.
Additionally, a few other meta-explanatory variables from model (1), which are not dummies and were not mentioned i n Table 1 , need to be defi ned. Variable lnobs denotes a logarithm of the number of all observations used in the specifi c model of a particular study to compute the effi ciency score. Outvar and inpvar stand for the numbers of output and input variables used in the effi ciency model specifi cation (excluding fi xed variables). Unlike a conventional OLS estimation, Tobit models generate consistent estimates of coeffi cients in case of limited dependent variables (which bank effi ciency score is -with upper limit one and lower limit zero). Usage of Tobit is a common practice in the meta-analysis of effi ciency (see Bravo-Ureta et al., 2007) but the OLS regression estimates are usually also provided (Brons et al., 2005) . According to Judge et al. (1988) , if the dependent variable is in the form of a ratio, OLS could suffer from heteroskedasticity. For this reason, we employ Huber-White estimator for robust standard errors.
Moreover, two other kinds of estimation will be applied: fi rst, the iteratively re-weighted least squares method (IRLS) for a robust regression (dealing with possible data contamination, which is important in meta-analysis because we had to collect all of the data ourselves) by minimizing infl uences of outlying observations; and secondly, the generalized least squares random-effect (RE) technique for the artifi cially created unbalanced pseudo-panel, where the cross-sectional part is represented by different papers (observations from the same paper have the same identifi cation number) and the other dimension is the order of a model taken from a particular paper.
For the OLS estimation, the normality of disturbances was tested by Shapiro-Wilk and Shapiro-Francia tests. It needs to be emphasized that some of the specifi cations do not satisfy the normality assumption, implying a decrease in the credibility of performed F-tests (t-tests). For this reason, we will comment on the robust results in principle. Moreover, we employ IRLS, which does not assume normality for hypotheses testing, for each specifi cation. All the models of OLS, Tobit and random effects use heteroskedasticity-robust standard errors.
Results and Interpretation
Overall sample in Table 2 Ramsey RESET test cannot reject the good specifi cation of the model, disturbances are normally distributed in all models, the condition number ranges from 23 to 42 for the given model specifi cations (even if above the usually recommended threshold 30, we consider this result to be acceptable). The coeffi cient for cost effi ciency is signifi cantly positive with respect to technical effi ciency at the 5% level and varies around 14%, all other things unchanged. On the contrary, we found less signifi cant but still robust evidence for profi t scores being lower on average. The joint hypothesis testing proved the 1% level signifi cant variations between the effi ciency types.
Our results say that commercial banking is on average 14% less effi cient than all banks (specialized or not). The role and share of participation of commercial banks on the US credit market has evolved and increased since the 1990s (the economies noted an increase in borrowings by households and the securitization of home mortgages, as well). Bank types differ in structure, institutional environment, even in the nature of outputs (fi nancial services) and the signifi cant difference does not necessarily fl ow from the managerial decision-making only. Despite these facts, the result was not anticipated due to the savings and loans crises of the 1980s and the early 1990s period.
The impact of the observations number is found to be highly signifi cant. The positive impact on effi ciency can be explained by the broader comparison of institutions-studies with a lower number of banks as observations made the selection according to a limit of minimum assets of a particular bank (e.g., according to the bank size). Other parametric specifi cations (except for the one using Fourier-fl exible production function) are robustly insignifi cant from non-parametric approaches. What is more, the translog production function brings signifi cantly larger scores than the Fourier one. Even if researchers (e.g. Berger & Mester, 1997) suggest that parametric and nonparametric approaches yield diverse scores, the F-test performed on our full sample proved such a choice in estimation proceedings to be signifi cant at the 11-16% level only.
Similarly, the alternatives of the intermediation approach, equity capital inclusion (robustly insignifi cant), panel data usage and number of output and input variables does not yield results relevant on any conventional statistical level, meaning that there are no signifi cant differences in the results of these methods or their replaceable variants (choice of inter or othapp, choice of the lower or higher output number, etc.). Sample data range can be divided into two subsamples, as the time span observed is quite large and the industry was facing various changes. Table 5 and since 199 2 in Table 6 
Bank effi ciency till 1992 in

in the Appendix
The executed Chow test demonstrated at the 1% level that it is more reasonable to divide the sample into two parts-till 1992 when the US bank performance faced the "credit-crunch" period (CAMEL downgrades exceeded upgrades) and a deep crisis, versus the period since 1992. On the divided samples, we cannot reject the normality of disturbances at the 5% level; what is more, the RESET test cannot reject the null of the model being correctly specifi ed; besides the condition numbers range between 29 and 32 for the old data and 32 and 38 for the "newer" set.
Due to the collinearity we had to eliminate the dummy denoting commercial banks commb, therefore we cannot compare it between the two periods. However, for the "older" sample, commb is to the high extent insignifi cant in contra st to Table  2 . An interesting result arises when looking at the different types of effi ciency-for the "older" sample, even the technical effi ciency is signifi cantly lower than the cost effi ciency and insignifi cant in comparison to the profi t effi ciency; better specifi cation of the model is suggested to be with cost effi ciency only (see sensitivity analysis in Table  5 ). The signifi cance and difference from cost effi ciency increases when comparing with all other effi ciencies (profi t included).
In comparison with the result of the "newer" dataset, the cost effi ciency impact increased more than twice in the observed time span.
Inclusion of equity capital into the model is only marginally signifi cant for the "older" data, and becomes insignifi cant for the "newer" dataset. Moreover, in the older sample, the intermediation approach usage is insignifi cant; for the newer dataset it is found to have signifi cantly negative impact (and high) on the overall effi ciency score. The reasoning behind the result may be connected to the structural shifts in inputs and outputs of the banks. The impact of variables denoting (non)parametric approaches is inconclusive for the old sample due to the model specifi cation (avoiding multicollinearity), just as the number of output variables or panel/cs data aggregation. For the newer dataset, parametric approaches are signifi cantly different from the non-parametric, yielding lower effi ciency scores and their omission from the model is strongly rejected by the joint hypothesis testing. Furthermore, for the new data, usage of trans-logarithmic function does not bring signifi cantly different results than the usage of the Fourier one.
Bank cost effi ciency in Tabl e 7 and profi t effi ciency in Tab le 8 in the Appendix
Finally, the sample was split into two parts, according to the effi ciency type (cost and profi t only). Berger & Mester (1997) report that effi ciency estimates in terms of either average industry effi ciency or rankings of individual fi rms are fairly robust toward differences in methodology. On the other hand, Berger & DeYoung (1997) claim that measured cost ineffi ciencies are about twice as large when the translog is specifi ed instead of the Fourier-fl exible form. According to the results from Table 7 , we would support the insignifi cance of the differences in case of bank cost effi ciency; unfortunately, due to the lack of observations, Table 7 cannot be credibly interpreted.
For the profi t effi ciency, however, the ability of the model to explain the variance in the response variable aveff is higher than in the previous specifi cations, as Table 8 reports. The normality of disturbances cannot be rejected at the 5% level in the full model as well as in its sensitivity check. Ramsey RESET test provides a support for a good model specifi cation. The choice of the non-parametric approach is signifi cantly different from the parametric approaches, which have (both partlog and parfour) a decreasing infl uence on the profi t effi ciency. Even though parfour seems to yield Table 2 Meta-Regression of Bank Effi ciency Dependent variable aveff, t statistics in parentheses. Note: OLS, Tobit and RE computed using heteroskedasticity robust (Huber-White sandwich est.) t statistics. † p < 0.10, * p < 0.05, ** p < 0.01 lower scores than partlog, our results support the Berger & Mester (1997) study who found only a small difference in average profi t effi ciencies when using these two choices of functional form.
The more input variables are used in the effi ciency estimation, the higher the profi t score one gets. This does not mean that if the average bank increases the outputs, it increases the relative exploitation of revenue possibilities. It only says that the measurement is signifi cantly affected by the number of inputs used, making the estimated result rise. Design of the study/methodology in this sense cannot be overlooked. Commercial banks are distinctively worse in profi t optimization than any average bank (however, this result can be found only in two specifi cations of the model).
The cost and profi t effi ciency concepts assume that banks are risk neutral -but if a bank is more risk averse, it may hold more fi nancial capital than what maximizes profi ts or minimizes costs (fi nancial capital absorbing losses on portfolio, Berger & Mester 1997), so that even if this bank behaves according to its preferences, the score estimates can be misleading without equity capital included. Our results yield signifi cantly higher score if equicap increases, which supports the theory. Equity introduction reduces scale bias (equity capital of small-size banks cannot be expanded to meet that of large-size banks except after a period of time-profi t effi ciency can be much higher for large banks because the dependent variable in profi t function is a simple quantity which tends to be higher for larger banks while if normalized by equity capital it changes into the rate of return on equity, a more comparable measure across the banks of different size). Removing equity capital from the profi t function attributes to larger banks larger profi ts, keeping the variable inside increases the average effi ciency (equicap positive).
Taking the characteristics of the data into account (we are using meta-data), the coeffi cients of determination R 2 report a relatively high ability of the models to explain variations in aveff: on average, the simple OLS with robust standard errors reports R 2 = 0.45, while the IRLS method produces the coeffi cient value of 0.51.
Concluding Remarks
Effi ciency in the banking sector is crucial for the economy on the micro-as well as the macro-level. Variations in the reported effi ciency estimates caused by different methodological approaches may have severe consequences on the decision-making policy. To investigate the causes of such diversities, a meta-regression analysis was conducted on the sample of empirical literature, consisting of 32 studies that provide 53 models for the USA.
The explanatory meta-regression analysis was conducted using Tobit, OLS, IRLS and pseudo-panel random-effects methods, computed with heteroskedasticity-robust standard errors. The sample was additionally divided into subsets according to different time spans (periods from 1977 to 1991 and from 1992 to 1997) and according to the type of effi ciency score (dual-approach cost and profi t effi ciency).
According to our results, the US banking sector reports signifi cant differences in the effi ciency types. Banks fi nd it harder to keep effi ciency in profi ts than in costs, which provides a justifi cation for separate comparisons of cost and profi t effi ciencies.
Commercial banking proved to be signifi cantly different in effi ciency than all banking types on average, therefore selecting a sample on the basis of bank type is recommended in effi ciency analysis. Papers with lower numbers of observations generally report lower scores than studies with a high number of degrees of freedom. The evidence suggests that Fourier functional form yields signifi cantly lower effi ciency scores than any other methodological choice in the sample. In regressions for separate time spans, we found a signifi cant difference in the nonparametric and parametric approaches for the period from 1992 till 1997, and the evidence for insignifi cance of panel data or number of inputs and outputs. For the profi t effi ciency sample, the usage of parametric approach yields lower profi t scores and the inclusion of equity capital signifi cantly removes scale bias (there is a positive relation to the effi ciency). Commercial banks have lower profi t effi ciencies and the number of inputs used in the primary study signifi cantly infl uences the reported profi t effi ciency.
Interestingly, the functional forms operate generally in opposite directions (translog functional form positively and Fourier functional form negatively), which contradicts the results in Berger & Mester (1997) who favour an insignifi cant difference between these two forms. According to our results, the translog parametric choice does not return results signifi cantly different from the non-parametric approaches. Therefore, when researchers happen to fi nd different results between parametric and non-parametric approaches, it is mainly due to the usage of Fourier-fl exible production function.
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